The key to understanding a protein's function often lies in its conformational dynamics. We develop a coarse-grained variational model to investigate the interplay between structural transitions, conformational flexibility and function of N-terminal calmodulin (nCaM) domain. In this model, two energy basins corresponding to the "closed" apo conformation and "open" holo conformation of nCaM domain are connected by a uniform interpolation parameter. The resulting detailed transition route from our model is largely consistent with the recently proposed EFβ-scaffold mechanism in EF-hand family proteins. We find that the N-terminal part in calcium binding loops I and II shows higher flexibility than the C-terminal part which form this EFβ-scaffold structure. The structural transition of binding loops I and II are compared in detail. Our model predicts that binding loop II, with higher flexibility and early structural change than binding loop I, dominates the conformational transition in nCaM domain.
INTRODUCTION
Many protein functions fundamentally depend on structural flexibility. Complex conformational transitions, induced by ligand binding for example, are often essential to proteins participating in regulatory networks or enzyme catalysis. More generally, a protein's ability to sample a variety of conformational sub-states implies that proteins have an intrinsic flexibility and mobility that influences their function.
1,2 While experimental measurement can offer direct dynamical information about specific residues, uncovering the detailed mechanisms controlling conformational transitions between two meta-stable states is often elusive.
In this paper we present an analytic model that aims to clarify the relationship between 1 ). In each domain the four helices of apo-CaM are directed in a somewhat antiparallel fashion giving the domains a relatively compact structure while leaving the Ca 2+ -binding loops exposed. The conforma-linking the two domains allows the activated domains to simultaneously interact with target peptides. The conformational flexibility of the domains themselves allow for considerable binding promiscuity of target peptides, a property essential to its function as a primary messenger in Ca 2+ signal transduction. 4, 5 While similar in structure and fold, the two domains of CaM are quite different in terms of their flexibility, melting temperatures, and Ca 2+ -binding affinities.
6,7
The conformational dynamics of Ca 2+ -loaded and Ca 2+ -free CaM are well characterized by solution NMR. 5, 8 Site specific internal dynamics monitored by model free order parameters S 2 , indicate that the helices of the apo-CaM domains are well-folded on the picosecond to nanosecond timescale, while the Ca 2+ -binding loops, helix-linker and termini are more flexible. 9 On the other hand, spin-spin relaxation (or transverse auto-relaxation) rates, R 2 , indicate that the free and bound forms of the regulatory protein exchange on the millisecond timescale. 
13
In this paper, we study the role of flexibility in the conformational transition of CaM through an extension of a coarse-grained variational model developed to characterize protein folding. 16, 17, 18 This model accommodates two meta-stable folded conformations as minima of the calculated free energy surface. The natural order parameters of this model, discussed in detail in the methods section, is well suited to describe partially ordered ensembles essential to the conformational dynamics of flexible proteins. Transition routes and conformational changes of the protein are determined by constrained minimization of a variational free energy surface parameterized by the degree of localization of each residue about its mean position. The computational time to calculate the transition route for nCaM is on the order of several minutes on a typical single-processor PC.
In addition to extensive experimental work characterizing the inherent flexibility of CaM, our results also benefit from all atom molecular dynamics simulations 19, 20 as well as recent coarse-grained simulations inspired by models developed to characterize protein folding.
21,22
Although subject to systematic errors due to approximations, analytic models have the important advantage that the results are free of statistical noise that can obscure simulation results (particularly troublesome when characterizing low probability states).
MODEL AND METHODS
A configuration of a protein is expressed by the N position vectors of the α-carbons of the polypepetide backbone. We are interested in describing transitions between two known structures denoted by {r
Partially ordered ensembles of polymer configurations are described by a reference Hamiltonian
where T is the temperature and k B is Boltzmann's constant. Here, the first term enforces chain connectivity, in which the connectivity matrix, Γ ij , corresponds to a freely rotating chain with mean bond length a = 3.8Åand valance angle between successive bond vectors set to by cos θ = 0.8. 23 The N variational parameters, {C}, control the magnitude of the fluctuations about α-carbon position vectors r
i . The N variational parameters, {α} (0 ≤ α i ≤ 1), specify residue positions as an interpolation between {r
The Boltzmann weight for a constrained chain described by H 0 is proportional to
where G ij denotes the correlations of monomers i and j relative to the mean locations, 
The statistical properties of a structural ensemble can be described in terms of the first two moments s i and G i,j since H 0 is harmonic.
In this model, the probability for a particular configurational ensemble at temperature T is given by the variational free energy F ({C}, {α}) = E({C}, {α}) − T S({C}, {α}). Here, S({C}, {α}) is the entropy loss due to localizing the residues around the mean postions
The energy is derived from two-body interactions between native contacts, E({C}, {α}) = [i,j] ǫ ij u ij , where u ij is the average of the pair potential u(r ij ) over H 0 , and ǫ ij is the strength of a fully formed contact between residues i and j given by Miyazawa-Jernigan interaction parameters. 27 The sum is restricted to a set of contacts determined by pairs of residues in the proximity in each of the meta-stable conformations. The pair potential between two monomers is developed by a sum of three Gaussians u(r) = γ s e −3βsr 2 /2a 2 + γ i e −3β i r 2 /2a 2 − γ l e −3β l r 2 /2a 2 . The parameters are chosen so that u(r) has a minimum at r * = 1.6a with γ s is chosen so that each contact has u ij (0)/ǫ 0 = 100, where ǫ 0 is the basic energy unit of the Miyazawa-Jernigan scaled contacts. 27 The energy of a contact between residues i and j in a partially ordered chain is given by
In this work, we consider a two-state model in which the contacts are separated into three sets: (i) contacts that occur in reference structure (1) only, (ii) contacts that occur in reference structure (2) only, and (iii) contacts in common from both reference structures. Then, we consider that each contact involved exclusively with only one structure is in equilibrium with energy from the other state (which is zero). That is, we replace the pair energy for contacts in sets (i) and (ii) according to
This form is analogous to coupling between conformational basins in folding-inspired molecular dynamics simulation. 24, 25, 26 Contacts described by Eq. 6 independently switch on or off depending on the conformational density characterized by a set of constraints {C, α}.
Analysis of the free energy surface parameterized by {C, α} follows the program developed to describe folding: 17 the ensemble of structures controlling the transition is characterized by the monomer density at the saddlepoints of the free energy. At this point, we simplify our model and restrict the interpolation parameter α i to be the same for all residues, α i = α 0 following Kim et al.. 28 Then, the numerical problem simplifies to minimizing the free energy with respect to {C} rather than finding saddlepoints in {C, α}.
To explore the nature of conformational dynamics in detail, we apply this model to the Nterminal domain of CaM (nCaM). In particular, we use residues numbered 4-75 of unbound nCaM (apo, 1cfd) and bound nCaM (holo, 1cll) (see Fig. 1 ). In our model, we have defined closed nCaM (1cfd) as structure (1) and open nCaM (1cll) as structure (2) For a given set of constraints, {C, α}, the monomer density of a partially ordered ensemble can be characterized by the Gaussian measure of similarity to conformation described by
Similarly, the structural similarity to the conformation described by {r
The structural similarity relative to the native structures given by {ρ (1) } and {ρ (2) }specify local order parameters suitable to describing conformational transitions between metastable states in proteins.
To investigate the detailed main-chain dynamics controlling the structural change in CaM, we characterize the relative similarity to the closed structure along the transition route through the normalized measure
where ρ
i (α 0 ) is the monomer density of the i th residue with respect to the closed conformation (Eq. 7). Similarly, we represent the relative structural similarity to the open conformation as
where ρ 
for each residue. This difference shifts the relative degree of localization to be between ∆ρ i (1) = 1 and ∆ρ i (0) = −1 corresponding to the open and closed conformations, respectively.
RESULTS

Conformational Flexibility and Calcium Binding
The local mean square fluctuations of α-carbon positions (related to the temperature factors from X-ray crystallography) are a natural set of order parameters for the reference Hamiltonian H 0 in our model. This parameter, B i = δr The highest flexibility is near the two Glycines in position 4 of the Ca 2+ -binding loops I (Gly23) and II (Gly59). This invariable Gly residue provides a sharp turn required for the proper geometry of the Ca 2+ -binding sites. 30, 31 The linker between helices B and C is also very mobile, with the highest flexibility near residue Glu45. Taken together, the mobility of the loops and B/C linker indicates that the domain opening depends entirely on a set of inherent dynamics, or "intrinsic plasticity", of CaM. Helices B and C and the B/C linker. Fig. 2 and Fig. 3 Fig. 7(a) . This is due to a hydrogen bonding between Thr28 and Glu31. Fig. 7 (a) also suggests that the structural change of Glu31 occurs before Thr28 upon domain opening, and proceeds through the transition much more gradually. Similar hydrogen bonding is also present between Asn64 and Glu67 in binding loop II. Nevertheless, compared to the corresponding residues in loop I, the structural change of these two residues is quite gradual [see Fig. 7 
Conformational Transition Rate and Order Parameter
The one dimensional free energy profile parameterized by the interpolation parameter α 0 is shown in Fig. 8 . The minimum corresponding to the open state is very shallow and unstable compared to the closed state. Combined molecular dynamics simulations and small angle X-ray scattering studies on apo nCaM and Ca 2+ -bound nCaM by Vigil et al. 20 have also shown that in aqueous solution the closed state dominates the population. The equilibrium populations for the closed and open state from our model are found to be 94% and 6% respectively. For comparison, the NMR measurement of apo cCaM indicate a minor population of 5-10%. 9 These results suggest that on average, the residues in the hydrophobic surface of CaM are well protected from solvent.
The maximum of the free energy occurs quite close to the open state at α 0 ∼ 0.2, though the barrier is very broad in terms of this reaction coordinate. We also consider the free energy of the global structural parameter ∆Q = Q 1 − Q 2 = ∆ρ i /N where ∆ρ i is given in in Eq. 11. Fig. 8 shows that ∆Q is also a reasonable reaction coordinate for the transition. The barrier broadens somewhat, with the maximum free energy occurring around ∆Q = −0.25. In terms of the global structure, this roughly corresponds to 60%-75% of nCaM being similar to open state configuration in the transition state ensemble.
Even though the open state minimum is not well isolated, we estimate the conformational transition rate from closed to open using the Arrhenius form, k = k 0 e −∆F † /k B T where ∆F † is the free energy difference between the closed conformation and transition-state ensemble.
Assuming the prefactor k 0 = 1µs −1 gives the estimate k = 40, 000s −1 . This value is in reasonable agreement with the transition rate estimate of k = 20, 000s −1 based on NMR exchange rate data of cCaM.
9
DISCUSSION
The primary motivation for the work presented in this paper is to understand protein functions that involve large scale (main-chain) dynamics and flexibility. Proteins with relatively large conformational freedom include those in which folding and binding are coupled. 33 The dynamics of conformational transitions between well-defined conformational basins are generally controlled by relatively low probability partially ordered ensembles. The main challenge is to describe the transition state ensembles at the residue level giving a site-specific description of the transition mechanism.
Modern NMR relaxation experiments have provided a wealth of data about internal dynamics and conformational sub-states quantitatively on fast (nanosecond) and slow (microto millisecond) timescales. 10 Such studies are very useful in identifying residues with high flexibility upon target binding, not only through movements of surface loops and side chains, but also by global motions of the core structure. 46 These experiments, however, provide only a few local structural changes and have not been able to capture the molecular details necessary to fully understand the mechanism of conformational transitions. Whereas atomistic simulations can potentially bridge the gap on time scale up to microsecond, this timescale falls orders of magnitude short for slow protein dynamics (millisecond to second). Also, the use of atomistic approaches becomes computationally inefficient with the increased size of a system.
To overcome the problems associated with all-atom simulations, many studies has demon-strated the use of coarse-grained protein models with simplified representations, such as, only Here, a is the distance between successive monomers. Free energy along the transition route. In the lower curve the abscissa is the interpolation parameter α 0 . In the upper curve the abscissa is the global structural order parameter ∆Q.
The entropy across the transition is relatively constant, so that the free energy barrier is largely energetic. 
